Catalytic effects of Brönsted acid on the early kinetics of water-crosslinking reaction in the vinyltrimethoxysilane-grafted ethylene-propylene copolymer (EPR-g-VTMS) system were investigated by means of an attenuated total reflectance-Fourier transform infrared (ATR-FTIR) technique and gel fraction measurements. Four sulfonic acids with different substituent, including methanesulfonic acid (C1SO 3 H), 1-propanesulfonic acid (C3SO 3 H), 1-pentanesulfonic acid (C5SO 3 H), and dodecylbenzenesulfonic acid (C12PhSO 3 H), were selected to examine the progress and effect of progressive changes in the silane watercrosslinked network structure in comparison with a primary amine (n-octadecylamine, Lewis base). From the kinetic analysis using Arrhenius equation, we found that the frequency factors for both hydrolysis (ATR-FTIR) and condensation step (gel content) of EPR-g-VTMS decreased in the order of C1SO 3 H > C3SO 3 H > C5SO 3 H > C12PhSO 3 H, while the activation energy values for each reaction did not differ significantly.
INTRODUCTION
Poly-α-olefins (POs), such as polyethylene (PE), polypropylene (PP), and their copolymer, can be extruded into various types of products: cables, pipes, sheets, films, adhesive, and so on. [1] [2] [3] All these applications are important, but the fact that POs are a thermoplastic with low melt viscosity limits its service temperature to a lower level. There is a need to modify POs in such a way that its thermal stability is increased to endure high service temperatures. For this purpose, POs are crosslinked; that is, their chains are bound together to form a network structure. Crosslinked POs have unique properties that non-crosslinked POs do not. Presently, there are three commercial methods used for the crosslinking of POs: (i) peroxide crosslinking [4] , (ii) radiation crosslinking [5] , and (iii) silane water-crosslinking [6] . Each method has its own applications according to its particular advantages. The last crosslinking technology is based on the chemistry of organic silicon compounds. [7, 8] Unsaturated hydrolysable alkoxysilanes such as vinyltrimethoxysilane (VTMS) are grafted onto POs by using a free-radical reaction. The pendant alkoxysilane groups (SiOR) of resulting polymer hydrolyze in contact with water and yield silanols (SiOH). The three-dimensional crosslinking of the polymer chains is produced by siloxane bonds (SiOSi) when silanol groups undergo the condensation reaction. [9] However, this crosslinking reaction is slow in the absence of catalyst. [10, 11] To achieve a crosslinking rate of practical importance, the addition of a suitable catalyst is necessary. Among those potential catalysts adopted in commercial products, the organotin compounds (OTCs), such as di-n-butyl tin(II) dilaurate (DBTL), are most used for the alkoxysilane water-crosslinking reactions in the PO system. [12] [13] [14] However, OTCs are toxics; it has been shown to be potentially carcinogenic. [15] [16] [17] Hence, safer catalysts by more environmental friendly are eagerly desired.
We recently investigated the metal acetylacetonate complexes [18] and amine compounds [19] as the catalyst for the water-crosslinking reaction of vinyltrimethoxysilane-grafted ethylene-propylene copolymer (EPR-g-VTMS). The former complexes act Lewis acids and the latter compounds are Lewis bases.
4/32
Presently, we investigated the catalytic effect of Brönsted acid. Four sulfonic acids with different substituent (methanesulfonic acid (C1SO 3 H), 1-propanesulfonic acid [C3SO 3 H], 1-pentanesulfonic acid [C5SO 3 H], and dodecylbenzenesulfonic acid [C12PhSO 3 H]) were evaluated in the same EPR-g-VTMS system. Results of these studies are reported below. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and tensile measurements indicated that the type of catalysis had a substantial influence on the nature of silane water-crosslinked networks and eventually the physical properties. Moreover, we measured the diffusion coefficient of the sulfonic acid in the EPR system. Interestingly, the diffusion coefficients thus determined correlated well with the catalytic activities. The kinetics study revealed that, the smaller the substituent sizes of sulfonic acids, the larger the frequency factors. However, little variation was found for the activation energies of both hydrolysis and condensation reaction in the EPR-g-VTMS system. The present finding subjected a route of developing new catalysts for generating water-crosslinked polymer with different physical properties.
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EXPERIMENTAL
Materials.
The ethylene-propylene copolymer (EPR) with M w = 2.77×10 4 g/mol, M w /M n = 2.3 (M w : weightaverage molecular weight, M n : number-average molecular weight), crystallinity = 34.9 wt%, and ethylene/propylene molar ratio = 10.1/89.9 was kindly supplied by Clariant Japan K.K. (Tokyo, Japan).
Vinyltrimethoxysilane (VTMS) and dicumyl peroxide (DCP) were purchased from Dow Coring Toray (Tokyo, Japan) and NOF (Tokyo, Japan), respectively. Acetone (~98%), chloroform (~99.5%), and xylene (~95%) were received from Nacalai Tesque Inc., (Kyoto, Japan 
Determination of Sulfonic Acid Diffusion Coefficient from ATR-FTIR Spectroscopy.
According to van Alsten's procedure [20] , the EPR thin films were prepared by casting the chloroform solution on a ZnSe attenuated total reflectance (ATR) crystal boat cell (0.5 cm × 4.0 cm, SpectraTech. Inc., USA) in three layers (each sample addition was of 500 μl) and the solvent was allowed to evaporate. The samples were conditioned in a constant humidity chamber (25ºC, 60%RH) for 6 hours prior to the measurement. The thickness of the EPR thin film was measured using a micrometer screw (5-50 μm depending upon the sulfonic acids). The time dependence of the evolution of the characteristic IR absorption bands during penetration of the sulfonic acid through the polymer film deposited on the ATR crystal is measured. Due to the one-dimensional transport characteristics of the system, the sulfonic acid transport into EPR samples can be expressed by the classical Fick's diffusion equation for planar geometries. [21] 6/32
Herein, C sulf is the concentration of the sulfonic acid, t is time, D sulf is the diffusion coefficient for sulfonic acid molecules, and x is the position. For the assumption of constant boundaries, the solution to
Eq.(1) can be written as the following, [22] 
where A t is the absorbance at time t, A ∞ is the equilibrium absorbance after total sulfonic acid penetration, n is the number of measurements, L is the thickness of the EPR film, and λ is the penetration depth (typically 3-5 μm). For the measurement, 1000 μl sulfonic acid was spread uniformly on the surface of the sample and, simultaneously, the IR spectrum recording was started. The IR spectra were recorded using a MAGNA-IR 560 FT-IR spectrometer (Nicolet, USA) in a room thermostated at 25±2 ºC.
Preparation of Water-Crosslinked EPR-g-VTMS.
The vinyltrimethoxysilane-grafted ethylene-propylene copolymer (EPR-g-VTMS) was prepared in the molten state by the use of DCP as an initiator. The details of synthesis were described earlier. [23] For the investigation of the catalytic effect, EPR-g-VTMS and sulfonic acid of choice in the amount of 5.0×10 -4 mol/100g EPR resin were mixed in a laboratory open-kneader SV0.5-0.5 (Moriyama, Japan) equipped with two blades co-rotating at ca. 50 rpm at around 120ºC. In a preliminary experiment, no IR spectral change was observed at this juncture, indicating that the water of the hydration of the sulfonic acid has negligible effect on this silane water-crosslinking reaction. EPR-g-VTMS containing sulfonic acid was shaped into 1.4 mmthick compression-moulded sheets by air pressing. The sheets were cut into pieces of equal size and placed in water maintained at 30, 50, or 80ºC. The samples were then removed from the water bath at the various times 7/32 for examinations of the reaction in progress. To avoid undesired water-crosslinking while waiting for analysis or further treatment, the samples were kept under dried conditions.
Hydrolysis and Condensation Analysis of Water-Crosslinked EPR-g-VTMS.
The ATR-FTIR technique was also used to analyze the degree of the hydrolysis reaction in EPRg-VTMS samples. Before the ATR-FTIR measurements, the water-crosslinked EPR-g-VTMS sample sheets were washed with an excess volume of acetone to remove unreacted silane coupling agent or residual peroxide. The IR spectra were recorded using a MAGNA-IR 560 FT-IR spectrometer (Nicolet, USA)
equipped with a single reflection Ge attenuated total reflectance accessory (Thunder-dome, Spectra-Tech.
Inc., USA) in the range of 600-4000 cm
1
with a resolution of 4 cm
. The average of 32 spectra was used to increase the signal to noise ratio. The peak intensity of the EPR backbone methylene group at 1460 cm 1 [24, 25] was used as an internal reference. In the analysis of the experimental results, the relative absorption peak intensity of the Si-OCH 3 groups stretching of EPR-g-VTMS at 1095 cm 1 [24, 25] to that of the -CH 2 -groups at 1460 cm
(A 1095 /A 1460 ) was evaluated.
According to the literature procedure [26, 27] , the gel content measurements were carried out to evaluate the overall water-crosslinking reaction in EPR-g-VTMS system. Water-crosslinked EPR-g-VTMS samples in a glass wool filter were put into boiling xylene for 12 hours in a Soxhlet extractor apparatus. The extracted samples were washed using acetone, and then dried to a constant weight in a vacuum oven. The gel content is expressed in terms of the percentage of the weight remaining. The gel content is defined as follows:
where M i and M d are weights of the initial and final dried polymer, respectively. The values of gel fraction deviated from the average by less than ±2%. It is noted that prolonged extraction produced no change in the 8/32
gel content measurements for select samples, and EPR-g-VTMS samples that had not been water-crosslinked contained no gel. The swelling ratio, q, is calculated by using the relation: (4) where ρ p and ρ s are the polymer and the solvent density, respectively, and M s is the weight of the polymer swelled with solvent. According to the theory of Flory and Rehner, [28] the average molecular weight between crosslinks, M c , is defined as follows:
, ····················································· (5) where V is the molar volume of the solvent, ρ p is the polymer density,  p is the volume fraction of polymer in the swollen gel, and χ is the Flory-Huggins interaction parameter between solvent and polymer. The molar valume of xylene molecule is 122 cm 3 /mol. The M c value is one of the most important structural parameters characterising a crosslinked polymer, which is directly related to the crosslink density.  p value is calculated using the swelling ratio, q:
The Flory-Huggins interaction parameter between solvent and polymer, χ, is given by:
, ·········································································· (7) where δ s and δ p are the cohesive energy density of solvent and polymer, respectively, R indicates the universal gas constant. T is the absolute temperature (K). 9/32
Tensile Measurement of Water-Crosslinked EPR-g-VTMS
Tensile properties of the water-crosslinked samples (aged in 80ºC water for 24 hours) containing various sulfonic acids were performed with a tensile tester AUTOGRAPH AGS-H 500N (Shimadzu Co. Ltd., Japan). The measurements were carried out by using tensile speed of 100 mm/min in a room thermostated at 25±2 ºC. The dumbbell specimens (no. 6 of Japan Industrial Standard, JIS K 6251) were subjected to the measurement.
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RESULTS AND DISCUSSION
Diffusion Behavior of Various Sulfonic Acids in EPR System.
Since the silane water-crosslinking kinetics should depend upon the catalysts' diffusion behavior, it is interesting and important to study the diffusion coefficients in a polymer containing various catalytic compounds. We investigated the diffusion behavior of various sulfonic acids in the ethylene-propylene copolymer (EPR) using the ATR-FTIR technique. After the initial FTIR spectra were obtained, the ATR boat cell, which bottom surface was cast by the EPR thin-film, was filled with the sulfonic acid, IR spectra were taken at regular intervals, and the changes in the spectra were examined. A typical pattern of the time dependence of the ATR-FTIR spectra during penetration of C1SO 3 H into the EPR film is shown in Fig. 1(a) .
The increase in the C1SO 3 H bands, containing the asymmetric and symmetric SO 2 stretching vibration (1325 and 1121 cm (the symmetric SO 2 stretching vibration mode) was used. This absorption peak intensity was not affected by background signal (the intensity of the background region was less than 1 % of the total band). The increase in the relative peak intensity (A t /A ∞ ) is shown in Fig. 1(b) as a typical result. In all of the experiments, an initially rapid increase in absorbance intensity of the sulfonic acid band was seen, followed by a gradual increase to an asymptotic value. This plateau region is attributed to the diffusion equilibrium. Analysis of the absorbance data using the Fick's equation (Eq. (2)) will yield the apparent diffusion constant for sulfonic acids (D sulf ) through EPR thin layer for each experiments. As shown in Fig. 1(b) , reasonable agreement between the experimental and Fick's equation fitting data was observed.
The diffusion coefficients determined by the ATR-FTIR technique are summarized in 
Accelerated Kinetics of Hydrolysis Reaction by Sulfonic Acid Compounds in EPR-g-VTMS System.
The reaction sequence for the water-crosslinking reaction in EPR-g-VTMS system is shown in Scheme 1. Three reaction steps are involved: the water diffusion, the hydrolysis, and the condensation. [9] In the hydrolysis step, the methoxysilane groups (SiOCH 3 ) grafted to the EPR backbone form silanol groups by the reaction with water molecule, and in the final step, two of these condense and a siloxane bond (SiOSi) is formed.
Sample ATR-FTIR spectra of EPR-g-VTMS containing C1SO 3 H undergoing the watercrosslinking reaction are shown in Fig. 2(a) . For the cases using other sulfonic acid compounds, similar spectral changes were observed (not shown). In Figure 2 develops strongly in the case of the sulfonic acid, but not in the case of amine compound. This difference will be discussed later.
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The extent of the hydrolysis step (in Scheme 1) of methoxysilane groups could be determined from the intensity ratio (A 1095 /A 1460 ) of the absorption peak at 1095 cm Our previous study revealed that the observed initial hydrolysis rate increased linearly with the increase in the methoxysilane group concentration. [23] We therefore concluded that the hydrolysis step in Scheme 1 was mostly controlled by the hydrolysis rate and little affected by the diffusion rate of water. Figure 4 shows the observed initial hydrolysis rate (in the logarithmic scale) plotted against the reciprocal absolute temperature for all the experiments catalyzed by the four sulfonic acids. As is well-known, the apparent rate constant, 0 hyd r , is given by the Arrhenius relationship:
, ································································ (9) where A hyd is the frequency factor, T is the absolute temperature, R is the gas constant, and E a,hyd is the activation energy for the hydrolysis step. Thus, the minus slopes of the fitted lines in these plots are corresponding to the activation energies and y-intercepts are the frequency factors. Both values for all sulfonic acids are also illustrated in Table 1 . It is thus revealed that the activation energies for hydrolysis step are essentially the same for all four sulfonic acid. However, the frequency factors show a large variation. The smaller the molar volume of sulfonic acid is, the larger the frequency factor is, which is probably due to the diffusion behavior of these sulfonic acid compounds in EPR-g-VTMS.
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Condensation Kinetics of EPR-g-VTMS Evaluated by Gel Fraction Measurements.
The quantity of gel is generally used to evaluate the crosslinking degree of resins and rubbers. [34, 35] In this study, the gel content measurement is used to study the kinetics of the condensation step of EPR-g-VTMS in the presence of sulfonic acid compounds. Figure 5 shows the temporal changes of gel content in EPR-g-VTMS system containing sulfonic acid observed at three different temperatures. As expected, the rate and degree of overall water-crosslinking increased with aging temperature. As indicated, the initial overall water-crosslinking reaction rate, The results are including in Table 1 . As with the case of the hydrolysis step, all of the four sulfonic acids showed essentially the same activation energy values, but frequency factors decreased as the molar volume increased. The results indicated that the overall water-crosslinking reaction rate was also influenced by the difference in the diffusion coefficient of the catalyst in the EPR.
In order to determinate the degree of crosslinking achieved, the swelling examinations were performed with xylene. The average molecular weight between crosslinks, M c , was calculated using the Flory-Rehner equation (see Eq. (5)). The M c value is the dominating factors in prescribing the behavior of a given type of crosslinked polymer. [36, 37] Table 1 , but considerably smaller than the ones obtained by sulfonic acids. In the previous section where the hydrolysis step was examined by means of ATR-FTIR technique, it was run that, in the sulfonic acid-catalyzed system, the condensation step did not progress to the same extent achieved by primary amine compound (see Fig. 2 ). Therefore, it is reasonable that there is a significant margin between M c values of EPR-g-VTMS catalyzed by sulfonic acid and amine compound.
Just as with the alkoxysilane hydrolysis-condensation reaction, the relative reaction rate mainly depends upon the steric effects and the charge on the transition state. [38] [39] [40] Thus, for acid-catalyzed hydrolysis with a positively charged transition state stabilized by electron-donating group, mono-silanol
, that is, which condenses much faster than tri-
On the other hand, in base-catalyzed conditions, the negatively charged transition state becomes more stable as more hydroxyl groups replace the electron-donating alkoxy groups. Therefore, successive hydrolysis steps occur increasingly rapidly, and the fully hydrolyzed species undergoes the fastest water-condensation reaction. In summary, it can generally be said that sol-gel derived siloxane networks, under acid-catalyzed conditions, yield primarily sparsely or weakly branched clusters which entangle and form additional branches resulting in gelation (so-called "cluster-cluster growth" [41] ), whereas, under basecatalyzed conditions, they yield more highly branched clusters which do not interpenetrate prior to gelation and thus behave as discrete clusters (so-called "monomer-cluster growth" [41] ). [7, 8] Inspired by this knowledge, we concluded the following: the use of sulfonic acid catalyst in the EPR-g-VTMS system yields the water-crosslinked network structure, consisting of single siloxane linkages (stage A, see Scheme 1), with much free volume due to unreacted alkoxysilane and/or silanol groups. In contrast, the water-crosslinked EPR-g-VTMS catalyzed by amine compound consists of the high-density network structure due to multiple siloxane linkages (stage B or C).
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Tensile Properties of Water-Crosslinked EPR-g-VTMS.
The stress-strain curve generally uses to characterize the dynamic behavior of crosslinked polymer. Tensile stress-strain curve of water-crosslinked EPR-g-VTMS catalyzed by C1SO 3 H (aged in 80ºC
water for 24 hours) is shown in Fig. 7 . As references, tensile stress-strain curves of uncrosslinked EPR-g-VTMS (non catalyst) and water-crosslinked EPR-g-VTMS containing amine compound (n-octadecylamine) are displayed in this figure. It is seen that the water-crosslinking reaction increases tensile properties and that the increase depends upon the catalyst used. Following the stress-strain curve types defined by Carswell and
Nason [42] , the use of sulfonic acid catalyst achieves the soft and tough type water-crosslinked EPR-g-VTMS, while the amine catalyst produces the hard and strong type. It is also seen in Fig. 7 that, at the break point, the amine-catalyzed EPR-g-VTMS shows the higher tensile modulus and the lower elongation (9.5
MPa and 246 %, respectively), whereas the sulfonic acid-catalyzed one shows the lower tensile modulus and the higher elongation (7.3 MPa and 510 %, respectively). Incidentally, other C3SO 3 H, C5SO 3 H, and
C12PhSO 3 H systems showed the stress-strain curves, the breaking strength values, and the percentage elongation after fracture similar to C1SO 3 H (these curves are not shown in Fig. 7 for clarity). It is worthy that these differences in the tensile modulus and elongation depending on the type of the catalyst can be consistent with the one in M c values.
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CONCLUSION
A catalytic effect of four sulfonic acid compounds with different substituent group (C1SO 3 H, C3SO 3 H, C5SO 3 H, and C12PhSO 3 H) in the water-crosslinking reaction (hydrolysis and condensation) of alkoxysilane-grafted ethylene-propylene copolymers (EPR-g-VTMS) was investigated by means of an attenuated total reflectance-Fourier transform infrared (ATR-FTIR) technique and gel fraction measurements.
The kinetic study of alkoxysilane water-crosslinking reaction revealed that all of sulfonic acid compounds chosen in this study have a high catalytic activity. From the analysis using Arrhenius equation, we found that the sulfonic acid compounds with the small substituent had a larger frequency factor for both hydrolysis and condensation reactions than with the large one, whereas the activation energy values for each reaction did not differ significantly. The differences in kinetics would mostly be attributed to the diffusion effects of sulfonic acid compounds due to the different organic substituent; the sulfonic acid with the large substituent diffuses more slowly than the small one in EPR-g-VTMS system. Moreover, the comparison with water-crosslinked EPR-g-VTMS containing the primary amine compound clearly indicated that the type of catalysis (acid or base) has a substantial influence on the nature of siloxane bands and eventually the physical tensile properties.
Actually, most of the catalytic trends in this study could be explained by the traditional silicate sol-gel knowledge. [7, 8, 41] Based on the sol-gel chemistry knowledge and experimental findings in this study, a possible catalytic mechanism of sulfonic acid is shown schematically in Scheme 2. The diffusion behavior of sulfonic acid plays an important role in the silane water-crosslinking kinetics in EPR-g-VTMS system. Moreover, the fact that sulfonic acid is much effective catalyst may be explained by the double catalytic activity for the hydrolysis and condensation reaction in EPR-g-VTMS system. The intermediate with thermodynamically stable six-membered ring [19, 43] would be formed through the hydrogen bonding at the penta-coordinating silica in both reactions. However, a detailed interpretation for this catalytic mechanism has not been known yet. Further investigation of the overall silane water-crosslinking reaction in EPR-g-VTMS system using 17/32
various acid compounds such as sulfonic, carboxylic, nitric, and boric acid and their analogous compounds will be the subject of future study. We believe that the results in this study are very important in understanding a comprehensive catalytic mechanism for the water-crosslinking reaction of alkoxysilane groups, and also aid in an investigation of novel crosslinking catalysts for silicon resin chemistry. 
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Figure 2
The spectral change due to the water-crosslink reaction of EPR-g-VTMS in the presence of (a) 
Figure 7
Effect of catalyst upon the stress-strain curves of water-crosslinked EPR-g-VTMS (: aminecatalyzed EPR-g-VTMS, : sulfonic acid-catalyzed EPR-g-VTMS, : uncrosslinked EPR-g-VTMS).
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Scheme titles
Scheme 1
Water-crosslinking (water-diffusion, hydrolysis, and condensation) reaction pathway in silanegrafted polyolefin system.
Scheme 2
Possible catalytic cycle for sulfonic acid-catalyzed alkoxysilane hydrolysis and condensation reaction in silane-grafted polyolefin system. 
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